Introduction
The tetrafluoride of Sr and Mg (SrMgF 4 , SMF) was synthesized for the first time 30 years ago 1, 2 . Banks et al 1 identified SrMgF 4 as orthorhombic. A negative test for second harmonic generation led them to suggest the space group Cmcm with a= 3.917(2), b=14.451 (8) and c=5.637(2) 1 . It was surprising because all crystals in the isostructural BaMF 4 (M = Mg, Mn, Fe, Co, Ni, Zn) family belong to a pyroelectric symmetry class Cmc2 1 . Some of BaMF 4 compounds were observed to undergo phase transitions of different nature [3] [4] [5] . These materials are unique for optical applications in the vacuum ultraviolet (VUV) to mid-IR spectral range because of combination of nonlinear optical (NLO) properties with a wide transparency range from 125 nm to 13 µm 3 ; birefringent effects and quasi-phase-matching were demonstrated in BaMgF 4 3 . Later detailed X-ray structural studies on SMF established its monoclinic symmetry P112 1 at low temperature with parameter a doubling and c tripling 6 compared with the orthorhombic Cmcm previously reported in the literature 1 . A possible existence of the structural phase transition in the SMF crystal was discussed 2, 6, 7 . The presence of local mirror planes in the superstructure of Sr atoms at low temperature allowed one to suppose the existing of the high-temperature phase 6 . This possibility was also suggested taking into account the thermal abnormality of SMF near 1082 K in differential thermal analysis data 1 , whereas its melting temperature is of about 1153 K. On the basis of X-ray structural data 6 , Abrahams et al showed that this crystal meets the structural criteria of ferroelectricity 7 . They predicted the value of spontaneous polarization at room temperature (P s ≈11·10 ), which is typical of 2D ferroelectrics, and phase transition to paraelectric state near T c = 450 K with the symmetry change: P2 1 (Z = 12) ↔ P2 1 /m (Z = 12) 7 . Recent polarization-optical observations and preliminary X-ray structural studies in the 90 to 1200 K range for SrMgF 4 crystal revealed a non-intrinsic ferroelastic phase transition with P112 1 (Z = 12) ↔ Cmс2 1 (Z = 4) 8 , and both phases remain pyroelectric, in contrast to the results by Abrahams 7 . In addition, the SMF reflection and photoluminescence were studied in detail using the synchrotron radiation 9 and its energy band gap was estimated to be E g = 12.50 eV. To date there are no experimental data concerning the fundamental absorption edge of SrMgF 4 , as well as its electronic structure and nonlinear susceptibility.
In the present work the sizable SMF single crystals were obtained, and the structures for both lowtemperature (LT) and high-temperature (HT) phases were determined. The pyroelectric luminescence measurements confirmed that LT phase is noncentrosymmetric. The transmission spectrum for LT phase of SMF was recorded and the absorption edge was found to be 122 nm (10.15 eV). Its red-shift in comparison with E g = 12.50 eV 9 is a result of strong excitonic absorption. The electronic structures, refractive indices, nonlinear susceptibility and polarizability were calculated by first-principles theory for both LT and HT phases.
Results and discussion
In this work the structures of both LT and HT phases for SMF were accurately determined for the first time.
Structures of LT and HT SMF phases
Low-temperature SMF phase (Fig. 2а) . At room temperature a monoclinic P2 1 structure with doubled a and tripled c cell lengths compared with the orthorhombic Cmcm structure reported in Ref. 1 .In the SrMgF 4 structure there are 6, 6 and 24 unequivalent positions for strontium, magnesium and fluorine ions. The structure can be described as a lamellar one; perpendicular lines to the layers are in the a-b plane. These layers are composed of chains, which are drawn along b axis and consist of irregular corner-sharing MgF 6 octahedra, rotated relative to each other (Fig. 2a) . The perovskite-type slabs, composed of corner-sharing MgF 6 octahedra and Sr atoms, are stacked along the b axis. Six crystallographically independent MgF 6 octahedra are rotated so as to provide long periodicities along a and c. The coordination numbers and bond distances around the six crystallographically independent Sr atoms are slightly different in each case. In the superstructure, the Sr atoms lie in local mirror planes which are thought to originate at the high-temperature phase transition 6 . Strontium ions are situated between the layers and depending on their position are surrounded by 7 (Sr1, Sr2), 9 (Sr3, Sr5) or 10 (Sr4, Sr6) fluorine ions (Fig. 3) . Coordination numbers were estimated by the construction of Dirichlet polyhedra using Xshell software. The bond lengths for Sr ions are represented in Table 1 .;The structure of the LT Phase is in good agreement with that published earlier in Ref. 6 for Cedoped SrMgF 4 .
High-temperature SMF phase (Fig. 2b) . Similarly to the LT phase this structure can be described as a lamellar one. However this time the chains of irregular MgF 6 octahedrons are extended along the c axis and join in tops, forming the layers oriented parallel to the crystallographic (010) plane. The fluorine ions occupy 4 nonequivalent sites whereas both Sr and Mg ions have only one position each. The simulated XRD data for HT phase are given Fig. S1 in SI section.
Pyroelectric luminescence (PEL)
SMF crystals demonstrate a spontaneous emission in the 80 to 440 K range as temperature changes (both at cooling and heating) on sample at rate β = dT/dt about 20 K/min (Fig. 4) . Such emission is typical only for pyroelectrics and is interpreted as a result of the modification in atomic polarization on crystal surface or in its volume due to the change in temperature 10 . The strength of pyroelectric field can reach tens of kV. It is interesting that both onset temperatures at which PEL disappears (at heating) and appears (at cooling) are close to that for LT HT phase transition in SMF. The occurrence of PEL in SMF indicates that there is no symmetry center at T < 440 K which agrees the results of structural analysis. Since the HT phase remains noncentrosymmetric, PEL absence at T>478 K in SMF is supposed to be the result of much smaller pyroelectric coefficient γ above this temperature.
We have also observed the PEL effect in typical NLO crystals such as LiIO 3 ), whereas distance between these faces is proportional sample diameter (R). As a result the intensity E of pyroelectric field is roughly proportional to R 2 and falls quickly in line with the electric break-down probability as R decreases. The other reason may be the leak of the charge along the defect states in the near-surface layer: its efficiency also increases as sample becomes smaller. 2. The intensity and frequency of PEL pulses depend considerably on the rate of temperature increase/decrease β. Both intensity and frequency decrease as β falls. 3. PEL is most intense in the temperature ranges with maximal values of pyroelectric coefficient γ. Thus, in LiIO 3 near 140 K the pyroelectric coefficient is γ= 5×10
, which is 5 times higher than at room temperature 11 . Indeed, PEL is observed at low temperatures but it disappears at T>200 K. Special measurements showed that PEL takes place also near 570 K in LiIO 3 which corresponds to a sharp γ maximum in the α→β phase transition. 4. PEL weakens up to be completely disappeared near room temperature in the Li-containing crystals as the increase of Li + ionic conductivity suppresses the generation of pyroelectric field. 5. Shining with X-ray and photoexcitation during heating/cooling or at low temperature before heating can heavily suppress PEL: the temperature range where PEL takes place becomes narrower or PEL disappears completely.
Optical transmission
Transmission spectrum for LT phase of SrMgF 4 , recorded at 300 K using three different spectrometers, is given in Fig. 5 ; it covers all the transparency range from VUV to mid-IR. One can see in the insert that a shortwave edge of fundamental absorption is located at 122 nm (hν =10.15 eV) on the 0 transmission level and there are no noticeable spectroscopic features to the long-wave edge at 11.8 µm. Taking into account that Raman spectrum of SMF covers the 100 to 450 cm -1 range in the wave number scale, we suppose that IR limit is due to the two-phonon absorption. Unfortunately, there are several slightly pronounced shoulders in the VUV region. Additional absorption bands near the fundamental absorption edge are more pronounced in the insert with the extended scale. The UV absorption spectrum can be decomposed into 4 components, as shown in Fig. 6 . We separated four Gaussian components with maximums at 6.3, 7.65, 9.1 and 10.05 eV, which have the full widths at the halfmaximum FWHM = 1.8, 1.2, 1.4 and 0.72 eV, respectively: These bands are likely be attributed to the electronic transitions in some point defects such as vacancies or cation antisite defects. Taking into account the ionic radii of cations (0.86 A and 1.27 A for Mg 2+ and Sr 2+ in fluorine environment 12 , respectively), it is expected that the dominant antisite defects are small Mg ions occupied at the large Sr sites (Mg Sr ).We suppose that the SMF transparency will be improved if the concentration of corresponding defects lowers. For crystals of multicomponent compounds this happens usually when crystal composition is close to the stoichiometric one 13 . Rapid increase of absorption is observed only at hν >10 eV.
Photo-and X-ray excited luminescence
An intense luminescence with photon energies in the range from 1 to 6 eV is observed in photoluminescence (PL) spectra. Typical PL spectra at 10.6, 10.9 and 3.8 eV excitations are shown by curves 1-3 in Fig. 7a in comparison with spectrum of X-ray excited luminescence (XL, curve 4). The photoluminescence excitation (PLE) spectra for 3.1 and 4.8 eV emissions are given in Fig. 7b . PL spectra 1-2 and PLE spectra 5-6, recorded for LT phase of SMF at 10 K using the synchrotron radiation are taken from Ref.
9. PLE spectra demonstrate intense relatively narrow bands in the 10-11.5 eV range and a weaker band near 11.8 eV. Such spectra are typical of excitonic excitations in the wide-gap dielectrics BaMgF 4 14 , SrF 2 15 , MgF 2 16 . Narrow PLE bands are somewhat shifted to low energies in comparison with excitonic peak in reflection and absorption spectra: the latter has maximum near 11.4 eV in the spectrum (7) . The profile of the dominating 10.7 eV PLE band is caused by two competitive processes. The low-energy slope of this band is determined by absorption/excitation increase whereas the high-energy negative slope is due to surface energy losses. Intensity of the excitonic absorption peak is high (about 10 ) and just absorption in its low energy wing determines the fundamental absorption edge. Transmission spectrum calculated for a 1 mm thick SMF plate taking into account only exciton aborption, with zero absorption of point defects, is shown as curve 4 in Fig. 5 . Thus, the calculated absorption edge was predicted to be 10.5 eV 9 which is close to experimental 10.15 eV value in present paper. Difference between these values can be partly explained by temperature effect: transmission was measured at room temperature whereas reflection spectra have been recorded at T = 10 K in Ref. 9 . Experimental absorption edge is expected to shift about 0.2 eV if to lower the sample temperature and the agreement would be better. PLE and calculated absorption spectra for SMF agree well at assumption concerning surface losses of energy and diffusion of electronic excitations (EE) in SMF, the length of EE diffusion being 70 nm 9 . PL emission in the 3.5-4.6 eV range (the 3. component). Taking into account that both these PL emissions are excited only in the exciton bands near the absorption edge and the Stokes shift for them is large (about 6.5 eV), they may be related to self-trapped excitons 17 . As follows from spectrum (3) in Fig. 7a , the low-energy PL in the 2 to 3.5 eV range (bands at 2.45, 2.67 and 2.0 eV) can be excited effectively by the 3.8 eV light from the SMF transparency range as well as in the 6.0 eV band 9 . Main part of these emissions is excited also by the X-rays: in this case hot charge carriers thermalize with further EE transfer both to excitons and point defects (see (4) in Fig. 7a) . The lowenergy PL emissions can be associated with radiative recombination in some non-identified point defects: they may be color centers based on anion vacancies, structural defects in cation sublattices as well as impurity defects. The variety of features in the PL and PLE spectra may be due to different nonequivalent positions for each ion (6, 6 and 24 for strontium, magnesium and fluorine ions, respectively, in the MgSrF 4 structure). Such crystallographically nonequivalent positions differ in coordination number, bonds length, and in intensity of the crystal field.
The presence of intense excitonic bands near the absorption edge makes the analysis of the edge shape and exact determination of the E g values from optical transmission difficult. SMF crystals belong to the SrF 2 -MgF 2 system. Binary components of this system crystallize in the cubic fluorite (SrF 2 ) and tetragonal rutile (MgF 2 ) structures 2 . Although the SMF structure is formally different from that of SrF 2 and MgF 2 , its electronic structure should inherit some features of the binary compounds. In terms of the SMF structure, the main translational motive in SMF is a continuous network of MgF 2 octahedrons. Comparison of optical constants for SrF 2 , MgF 2 and MgSrF 4 shows that values for the latter are between the parameters for binary compounds. Indeed, the E g values for E || c and E┴c polarizations in MgF 2 are 12.8 and 13.4 eV, respectively, whereas for SrF 2 band gap is about 1 eV narrower: 11.25 and 11.44 eV, according to different authors 9 . Excitonic absorption peaks are located at 10.6 and 12.1 eV for SrF 2 and MgF 2 , respectively, in comparison with E g =11.4 eV in SMF. High energy edge of the fundamental absorption is considerably shifted to lower energies: 9.5 and 11 eV for SrF 2 and MgF 2 9 , respectively, whereas for SMF it is 10.15 eV. Considerable difference between absorption edge and E g takes place also in NLO crystal BBO 9 : absorption edge is located near 6.2 eV and band gap for direct Г-Г transition is 7.5 eV: their difference is due to intense excitonic absorption in the boron-oxygen group as well as to the charge transfer transitions O-Ba 18, 19 .
First-principles results
Based on the obtained structural data (ESI), the electronic structures were calculated for LT and HT phases of SMF. The density of states (DOS) and partial density of states (PDOS) projected on atom species are plotted in Figs. 8a and 8b , and show the very similar electronic characteristics in both phases. The Sr 4s and 4p orbitals are located at -29 eV and -12 eV, respectively, while the F 2s orbitals are located at -20 eV. All electrons originally on the Mg 3s and Sr 5s shell are almost lost and move into the F 2p shell, which dominantly occupy the top of valence band. All orbitals are quite localized and there is a very weak hybridization indicating that the chemical bonds between the constituent atoms are almost ionic rather than covalent.
The electronic band structures for low-T and high-T phases along the lines of high symmetry points in the Brillouin zone of MgSrF 4 are shown in Fig. 9a and 9b , respectively. The states density in LT phase is much higher than that in HT phase since Z=12 for the former and Z=4 for the latter. One can see that direct electronic transitions in the Γ point are responsible for the fundamental absorption edge for the LT phase, but there are indirect Σ Γ transitions for the HT phase and the direct gap at Γ point is about 0.09 eV larger than the indirect one. The calculated bandgap energies of the LT and HT phases are 6.64 eV and 6.74 eV, respectively. The discrepancy between calculated and experimental values is due to the notorious bandgap prediction problem by density functional theory. However, the relative magnitude of bandgap energies can be determined from the DFT values for the similar system. Thus, it is predicted that the LT and HT phases actually have close bandgap energies.
In order to elucidate the difference of pyroelectric behaviors in the LT and HT phases of SMF, the response of the materials to an applied electric field, i.e., the polarizabilities were calculated. The matrices of polarizability tensors for the dynamic (optical, ω = ∞) and static (ω = 0) electric fields are listed in Table 2 . Clearly, both dynamic and static polarizability are considerably (6 to 12 times) larger for the LT phase of SMF. Our calculated results are consistent with the fact that the LT phase is less ordered in comparison with HT: this originates from the larger distortion of the Mg position from the gravity center of MgF 6 octahedron in the former phase. This conclusion agrees with the predictions of Abrahams 7 concerning relatively high spontaneous polarization ( ~10 µC/m 2 ) for SMF at room temperature as well. More importantly, this result also confirms that the PEL phenomenon in SMF is much more evident at low temperatures (Fig. 3) since larger pyroelectricity is often accompanied by larger polarizability 20 . Consequently, it is of great importance to measure polarization experimentally and confirm ferroelectric properties of SMF. If SMF is related to ferroelectrics it is possible to change direction of the spontaneous polarization vector using an external electric field and realize the quasi-phase matching (QPM) regime as in the case of potassium titanyl phosphate KiTiOPO 4 (KTP) or lithium niobate LiNbO 3 (LN) 21 . Table S1 in the supplementary information). The maximum components of SHG coefficients d ij are 0.044 pm/V for LT, 2 times higher than that for HT (0.021 pm/V). However, even this value is very small; it is an order lower than that of KDP and about 2 orders lower than that of BBO (Table 2 ). Nevertheless, SMF may be promising for VUV NLO applications thanks to its transparency down to 122 nm (or E g ~ 10.15 eV), shorter than those in almost all known commercial NLO crystals used in the VUV (see Table S1 ).
To date BaMgF 4 is the most studied from the SMF relatives. It has the same Cmс2 1 structure as HT SMF; small ∆n~0.02 and d ij (0.015 to 0.039 pm/V) values. BMF is transparent in the 0.125-13 µm range and is ferroelectric with the 4 kV/cm coercive field, and its QPM was realized for SHG 3, 4 . For the LT phase of SMF calculated nonlinearity is slightly larger and transparency range slightly wider in VUV compared with BaMgF 4 , so the studies of QPM on SMF is of great importance.
Conclusions
We have obtained the sizable SrMgF 4 single crystals and determined the structures of LT and HT phases. Intense pyroelectric luminescence at T<440 K confirms absence of symmetry center for LT phase. Transmission spectrum for LT phase of SMF was measured and shortwave fundamental absorption edge was established at 122 nm (10.15 eV). Its considerable shift in comparison with bandgap value (12.5 eV) is explained by strong excitonic absorption.
Electronic structure was calculated for LT and HT phases of SMF, type of band-to-band transitions was established: direct Γ Γ for LT and indirect, Σ Γ, for HT. Energy band gap values for these SMF phases were found close each other.
Main optical parameters for SMF were calculated: refractive indices, birefringence, nonlinear susceptibility. LT phase has higher nonlinear susceptibility, but it is still 1 and 2 order lower than that in KDP and BBO, respectively. Several times higher polarizability for low-symmetry LT phase allows one to explain why pyroelectric luminescence is observed only for this phase in SMF crystals.
Experimental and computational details Crystal growth
The SrMgF 4 synthesis was carried out from the mixture of fluorides SrF 2 and MgF 2 at temperature 1670 K in presence of fluoride agent (CF 4 ). To remove oxygen-containing impurities the starting chemicals were annealed in the dynamic vacuum during 24 h at 770 K. A glass-graphite crucible with a conic bottom was filled with synthesized substance and placed into a silica hermetically sealed ampoule evacuated to 10 -1 Pа pressure. Crystals were grown using the Bridgman technique in a two-zone furnace with temperatures 1470 K and 970 K in different zones. The rate of the ampoule sinking was about 1mm/day, whereas temperature gradient in the growth area was 10 to 20 K/cm. Crystal was cooled in the regime of the switched-off furnace. The obtained transparent colorless crystals of about 1 cm 3 in volume (Fig. 1) were obtained after annealing in vacuum during a day.
Crystal structure
Pure and optically transparent single crystal 0.19×0.13×0.11 mm determinations were carried out using software SHELX 22, 23 . For crystal structure analyses we used Xshell program 24, 25 . Graphics visualizing of the structures was made via BS program (Balls&Sticks ver. 1.42 by Sung J. Kang & Tadashi C. Ozawa). SMF structure was studied at room temperature and 550 K. Sample was heated by a directed hot air flow. As a result we confirmed that there are two different phases below and above the phase transition at 478 K 8 .
Spectroscopic studies
Transmission spectra were recorded using a UV-2501PC Shimadzu spectrometer in the UV -to-near IR, whereas in the mid-IR we used a Fourier-Transform spectrometer Infralum 801. The VUV transmittance spectrum was recorded using a McPherson Vacuum UV Analytical Spectrophotometer VUVAS 2000 spectrometer. The photoluminescence (PL) spectra were measured using a LabRam microRaman spectrometer at 325 nm excitation from a He-Cd laser. X-ray excited luminescence (XL) was recorded with a MDR2 diffraction monochromator with photomultipliers FEU100 and cooled FEU83 as emission detectors; a table 1 kW X-ray set-up was used for excitation. Pyroluminescence (PLE) was recorded as a spontaneous emission from the pyroelectric crystal both at its heating or cooling at a rate of about 20 K/min in the temperature range from 100 K to 550 K: we used a FEU100 photomultiplier.
First-principles computational methods
The first-principles calculations were performed by CASTEP 26 , a plane wave pseudo potential total energy package based on density functional theory (DFT) 27 . The exchange-correlation functional developed by Ceperley, Alder k point mesh of 7×7×4 and 3×1×3 were chosen for HT and LT phases, respectively. Our tests showed that the computational parameters above are accurate enough for the present purpose.
Based on the electronic structures, the optical refractive indices and SHG coefficients for the LT and HT SMF crystals were determined from the virtual electronic transitions between the valence and conduction bands 34, 35 . The polarizabilities in the LT and HT SMF crystals were obtained by the linear response method in the density-functional perturbation theory 36 , in which the polarizability is calculated through computing the second derivative of the total energy with respect to a given perturbation in ionic positions. 5 . Transmission spectrum in the VUV to near IR spectral range for a low-temperature MSF phase at T=300 K. d=1.2 mm. In the insert: Detail in the shortwave range for SMG plates 0.5 mm and 1.2 mm thick: curves 2 and 3, respectively. 4-shows transmission spectrum for 1 mm thick SMF plate, reconstructed from the reflection spectrum supposing only excitonic absorption near the fundamental absorption edge, without any features related to defects. (6) curves, respectively. Spectra 1-2, 5-6 are taken from 10 . Absorption spectrum (7) was reconstructed from the reflection spectrum in 10 . Spectra (1-2, 5-6) were recorded at 10 K, whereas spectra (3, 4) were obtained at 300 K. The arrow shows the band gap E g =12.5 eV in SMF. 
